E xternal skeletal fixation is a treatment modality commonly used in veterinary orthopedic surgery for orthopedic ailments including fractures, angular limb deformities, and joint instability. Soft tissue inflammation at the ISI is common, particularly when ESF is maintained for > 8 weeks, with incidence approaching 100% in veterinary medicine 1 and ranging from 50% to 96% in human medicine. [2] [3] [4] [5] [6] [7] Many authors consider this inflammation to be a minor complication; however, in human medicine, it can sometimes lead to pain, lameness, septic osteoarthritis, and chronic osteomyelitis threatening the stability of the implant-bone interface. [7] [8] [9] Changes at the ISI likely cause similar outcomes in dogs as in humans. In veterinary 
medicine, drainage after ESF is particularly common in the proximal aspect of the antebrachium and crus, compared with results after ESF in the middle and distal aspects of the antebrachium and crus. 10, 11 Although complications associated with ISI inflammation during ESF are described in human [2] [3] [4] [7] [8] [9] 12 and veterinary 1, [13] [14] [15] [16] medicine, validated scoring systems that describe the condition of that interface are lacking. Development of a validated scoring system for inflammation at the ISI is an essential step to enable clinicians to reach evidence-based conclusions about outcomes and complications in clinical studies involving ESF. Without such a validated scoring system, conclusions based on defensible assessment of the ISI, and therefore treatments aimed at reducing inflammation at the ISI, cannot be made. Objectives of the study reported here were to develop an inflammation scoring system for the ISI, evaluate intraobserver repeatability and interobserver agreement of ISI inflammation
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External skeletal fixation ICC Intraclass correlation coefficient ISI Implant-skin interface scores, and evaluate in vivo and photographic agreement of ISI inflammation scores. We hypothesized that ISI inflammation scores would have high intraobserver repeatability and high interobserver agreement (Cronbach α > 0.7). 17 We also hypothesized that ISI scores would have high agreement (Cronbach α > 0.7) when in vivo and photographic scores were compared.
Materials and Methods
Sample
Photographs of the ISI of canine patients treated by use of ESF from November 2012 through November 2013 were used in the study. 
Photographs
Recommended photographic settings were macro mode, 2 to 5 cm from the ISI, natural ambient light on, flash off, automatic white balance, focus centered on the ISI, superfine jpeg compression, red eye correction off, image quality size at the highest setting, and > 3 megapixels. 18 Additional instructions for contributors included that the entire area of inflammation be included in the photograph, ISI be in focus, a plastic transparent ruler parallel to the camera lens and red section of a color wheel a be included in the photograph, and a blue surgical drape be used as the background of the photograph. All photographs of acceptable quality were considered for inclusion. Inclusion criteria for photographs were that the ISI was in focus, there was adequate brightness, and the red sec- tion of the color wheel and the plastic transparent ruler were included in the photograph. Exclusion criteria included lack of the entire area of inflammation in the photograph, lack of the red section of the color wheel or the plastic transparent ruler in the photograph, an ISI < 1 cm from a healing incision or wound, and inclusion of another photograph of the same ISI at the same time point (ie, duplicate photographs). One author (MBML) determined which photographs were eligible for inclusion and prepared all photographs; that author did not score any of the photographs.
Each photograph was manipulated with image-processing software b such that the ruler in each photograph provided a 1-cm scale marker, the red section of the color wheel was cropped and moved close to the ISI without obscuring the interface, the image was rotated so that the implant was oriented vertically, and the image was cropped so that the entire area of inflammation was included with minimal extraneous details. Each photograph was printed (10 X 15-cm matte photograph c ).
Inflammation scoring system
A standard method for the development of an instrument to assess a subjective state was used to develop an ISI inflammation score on the basis of nonvalidated ISI scoring systems used previously for humans. [19] [20] [21] [22] [23] [24] [25] [26] Six metrics were defined: erythema, discharge amount, discharge type, swelling, hair loss or lack of hair regrowth, and granulation tissue. A scale from 1 to 10 (higher scores indicated greater severity of each of the assessed metrics of inflammation) was selected on the basis of ease of use, compared with ease of use for a visual analogue scale. 27, 28 Severity of discharge type was graded as serous, serosanguineous, hemorrhagic, or purulent. Hair loss or lack of hair regrowth was scored on the basis of the amount of hair at the ISI, compared with the amount of hair outside the ISI.
A photographic chart of the various severities of each metric for the scale scores was created by use of photographs collected prior to initiation of the study. Each chart consisted of 6 photographs for each of the 6 metrics; photographs depicted the range for the scale (from 1 to 10) for a specific metric (Figure 1) . The photographic chart depicting the scale for each of the 6 metrics was provided to each rater for use as a reference during each scoring session.
Intraobserver repeatability and interobserver agreement
Four board-certified veterinary surgeons (DJML, SCR, BDXL, and BJT) each scored the set of photographs 5 times to assess intraobserver repeatability. Repeated assessments were made a minimum of 14 days apart. Raters were not aware of their previous scores or of the scores of the other raters. Scores of the first evaluations for the 4 raters were compared to assess interobserver agreement.
Agreement of in vivo and photographic assessment
Two board-certified veterinary surgeons (DJML and SCR) evaluated the ISI of canine patients treated by use of ESF performed by clinicians at North Carolina State University between November 2012 and November 2013. Photographs of the same ISIs were concurrently obtained d at the time of the in vivo assessment. Photographs were subsequently scored a minimum of 14 days after the in vivo assessment. Raters were not aware of the ISI score for the in vivo assessment or of the scores of other raters.
Statistical analysis
All statistical analyses were performed with a computer statistical package. e Power analyses were performed a priori to determine minimum sample size for interobserver agreement, intraobserver repeatability, and agreement between in vivo and photographic scores. These analyses (power = 0.8) revealed that a minimum of 16 photographs scored by 4 raters were needed for interobserver agreement, 12 photographs scored 5 times by each rater were needed for intraobserver repeatability, and 24 photographs and dogs scored by 2 raters were needed for agreement between photographic and in vivo assessments.
Intraobserver repeatability was assessed by use of the Cronbach α for each rater and each metric; an ICC (a ratio of variances used to assess similarities between measurements) for each metric was calculated by combining data for all raters. Interobserver agreement was evaluated by use of the Cronbach α (cutoff value, 0.7; significance set at P < 0.05). 29 Agreement between in vivo and photographic scores was evaluated by use of both a linear model and the Cronbach α for each rater and each metric. The ICC was used to evaluate the overall agreement across multiple measurements and multiple raters. Correlations between metrics were evaluated by use of the Pearson correlation coefficient between medians of each metric across raters. Principal component analysis was used to identify linearly uncorrelated metrics.
Results
During the study period, 371 photographs of ISIs were submitted for possible inclusion. Often, multiple photographs of the same ISI were submitted. Of the 371 photographs, 329 were excluded from the study. Thus, 42 photographs (4 of wire-skin interfaces and 38 of pin-skin interfaces) of the ISI of dogs with ESF met inclusion criteria. These 42 photographs were of the ISI in 18 dogs. Median duration from surgery for ESF until photographs were obtained was 63 days (range, 11 to 117 days). For each dog, there was a median of 1.5 (range, 1 to 6) photographs of an ISI at various time points. Median scores for all 4 raters combined (scale, 1 to 10) were 4 for erythema, 4 for drainage amount, 5 for drainage type, 3 for swelling, 5 for no hair or lack of hair regrowth, and 4 for granulation tissue (Figure 2) . Intraobserver Cronbach α for all raters and for all metrics ranged from 0.849 to 0.969 (P < 0.001; Table 1). Overall ICC for all metrics ranged from 0.922 to 0.975. Interobserver ICC ranged from 0.835 to 0.943 (P ≤ 0.001) for all metrics for pairwise comparisons (Table 2) .
For assessment of agreement between in vivo and photographic scores, the Cronbach α for both raters ranged from 0.614 to 0.938 for individual pairwise comparisons (Table 3) . Overall, the Cronbach α ranged from 0.725 to 0.932, with the Cronbach α > 0.7 for erythema, drainage amount, drainage type, swelling, and granulation Results represent repeatability of 5 assessments of the same photographs performed by each of 4 raters at intervals of ≥ 14 days. *Each metric was scored on a scale from 1 to 10. †Values for the Cronbach α were significantly (P < 0.05) > 0.7. ‡Values for ICC were significantly (P < 0.05) > 0.7. tissue. Mean score for each metric differed significantly between the in vivo and photographic assessment, with the photographic score significantly (P < 0.001) higher than the in vivo score for each metric.
Pearson correlation coefficients between median scores for each metric across all raters ranged from 0.221 (P = 0.160) for the correlation between drainage type and no hair or lack of hair regrowth to 0.923 (P < 0.001) for the correlation between drainage type and drainage amount (Table 4) . Erythema, swelling, and granulation tissue were correlated with all other metrics. Drainage amount and drainage type were not correlated with no hair or lack of hair regrowth. Principal component analysis did not identify linearly uncorrelated variables.
Discussion
The development of a validated scoring system of inflammation at an ISI is an essential step for allowing clinicians to reach evidence-based conclusions about outcomes and complications in clinical studies involving ESF for factors ranging from care of the pin site to coatings of implants. Several scoring systems of the ISI have been used for clinical studies [19] [20] [21] [22] [23] [24] [25] [26] in human medicine. The primary limitations of those scoring systems are a lack of validation and inconsistency in scoring systems among studies, which prevents meaningful comparisons. The lack of a validated scoring system weakens the conclusions of previous clinical studies in which investigators evaluated the skin response to external fixators. [19] [20] [21] [22] [23] [24] [25] [26] To our knowledge, no scoring system for inflammation at the ISI has been fully validated for human or veterinary medicine. Full validation involves face validity, intraobserver repeatability, interobserver agreement, and criterion validation. The study reported here was the first in which aspects of validity of an ISI scoring system were tested; however, criterion validity was not tested.
The scoring system investigated in the present study relied on the use of a scale (from 1 to 10) for each metric of inflammation. A reference photographic chart that illustrated these scales was used during scoring by each rater. One benefit of this scale was that the score was solely based on skin surface metrics. Because the scale did not rely on imaging modalities, it was affordable and could be repeated frequently. Although the scale did not rely on the use of other diagnostic tests, correlations with results of those tests could be made in the future. Also, the scale allowed gradations for each metric, which could be beneficial in clinical studies to enable investigators to detect subtle differences among study groups.
A potential limitation of the ISI scoring system was the lack of an objective measure for determination of validity, which is an inherent problem in evaluation of an interface. Quantitative microbial cultures of implants have been used as an objective measure of infection, 30 although this does not take into account other factors that may increase inflammation at the interface (namely, thickness of soft tissues or mobility of the skin or deeper tissues relative to the implant). Future investigations could evaluate the ISI scoring system against results for objective histologic or other measures of inflammation (criterion validity testing).
An inherent difficulty of prospective clinical studies involving ESF is availability of the same clinician at each patient visit. A potential solution is to photograph the ISI at each visit and subsequently score the photographs. The present study revealed that the ISI scoring system for ESF had high intraobserver repeatability and interobserver agreement when raters evaluated photographs of an ISI. Medians differed among raters for each metric, and on the basis of lower median values, some raters were more conservative in their scoring. Cronbach α analyses control for these differences, which indicated that the scale can be reliably used by multiple observers at multiple evaluations. Therefore, the ISI scale may be used for clinical studies to begin evidence-based investigation of ISI complications.
With regard to results of photographic and in vivo assessments, the present study identified moderate agreement, with mean photographic scores being higher than in vivo scores. These differences were numerically small and ranged from 0.7 to 1.4 for the various metrics. The difference in mean scores indicated that photographic scores cannot be considered equivalent to in vivo scores when assessing an ISI. This is potentially attributable to the fact that photographs enlarge the ISI, which magnifies the images and enhances detection of the metrics of inflammation being evaluated. Subjectively, it was more challenging to evaluate some metrics versus others via photographs. This was likely the cause that led to lower values for the Cronbach α. No hair or lack of hair regrowth had the lowest agreement between in vivo and photographic scores, with a Cronbach α < 0.7. Photographic evaluation of swelling was also challenging because a 3-D metric was converted into a 2-D representation. Pending a larger study aimed at identifying the causes of these scoring differences, clinical studies should rely on photographic assessment or in vivo as- sessment, but the 2 assessment methods should not be used interchangeably. A secondary goal of the present study was to determine correlations among metrics of inflammation at an ISI. Overall, all metrics had moderate positive correlates with each other. Principal component analysis did not identify key metrics that could be used to develop a simplified ISI assessment method. The 2 metrics with the highest correlation were drainage amount and drainage type. Thus, increased drainage amount was correlated with increased purulent discharge from an ISI; both of these metrics were indicative of increases in inflammation. A second pair of highly correlated metrics was granulation tissue and swelling, both of which were 3-D enlargements of tissue around the implant. Particularly in chronic situations, swelling may be granulation tissue covered with skin. Therefore, it is likely that as swelling increases, there is a greater chance of granulation tissue being visible in the wound area around the pin. Another potential cause for the high correlation between granulation tissue and swelling is that granulation tissue and swelling may be related to inflammation at the interface secondary to movement of the skin and deeper tissues relative to the implant, as opposed to inflammation secondary to infection; however, this was not investigated further in the present study. Drainage amount and drainage type were not significantly correlated with no hair or lack of hair regrowth. Difference in skin care protocols among the various institutions may have influenced these findings. The influence of skin care protocols on drainage and hair regrowth was not evaluated in this study.
The present study had several limitations. Intraobserver repeatability and interobserver agreement for in vivo assessments were not investigated because of the logistic challenge of having all 4 raters available for evaluation of clinical patients. Also, for investigation of intraobserver repeatability, making raters unaware of previous assessments would be inherently impossible in a clinical scenario of a single ISI at a single time point. Although it was not proven in this study, it is a logical extrapolation that the repeatability of in vivo assessments is equivalent to the repeatability of photographic assessments because the processes are extremely similar. A second limitation, which was mentioned previously, is that we did not test criterion validity by use of a criterion-referenced standard objective assessment method for the ISI. A third limitation was that we did not investigate the ease of use of the scale, particularly the amount of time necessary to score an ISI or obtain photographs, which would be important in clinical applications. Anecdotally, and as anticipated with all new processes, the investigators were able to use the scale more rapidly during the progression of the study because of increasing familiarity. Finally, the photographic reference chart used by the raters during scoring did not contain a reference for the red section of the color wheel or for the 1-cm scale marker because the reference chart was created before development of the photographic standardization used in the study, and this potentially could have increased variability in the ISI scores.
Several areas exist for further studies. One area is investigation into the ISI scale, such as simplifying the scale to increase ease of use, evaluating the amount of time required for use of the scale, and correlating scores of metrics of inflammation with quantitative or qualitative results for microbial cultures. A second area is use of the scale to determine the prevalence of ESF complications, the manner by which inflammation at an ISI relates to complications at the implant-bone interface, and strategies to decrease inflammation in clinical situations. Additionally, this scale may have applicability in the evaluation of other ISIs, such as transdermal osseointegrated prosthetic implants 31 or long-term feeding tubes. 32 Results of the present study supported the hypothesis that the ISI interface scoring system described here had high intraobserver repeatability and high interobserver agreement. However, the hypothesis that there would be high agreement between scores for in vivo and photographic assessments was not supported. Photographic scores cannot be considered equivalent to in vivo scores. Therefore, the authors concluded that this scoring system should be valid for use in clinical studies that involve the use of in vivo assessments or photographic assessments but that do not combine these assessments.
